Selected properties of supported and free-standing polypyrrole films have been studied as a function of the anion, incorporated in the polymer during electrochemical polymerization. The anion was varied in the range: Cl-, ClOi, benzenesulfonate (BS), toluenesulfonate (TOS), 1,3&nzenedisulfonate (BDS) and 1,3,5_benzenetrisulfonate (BTS). The degree of oxidation of polypyrrole as determined by elemental analysis, varied from ca 0.50, when Cl-or CIO; is used, to ca 0.30 for the "organic" anions. Electron micrographs of the films show an increasing smoothness of the films with increasing charge of the ions. The electrical conductivity of free-standing films shows the highest value for the BTS-containing films and decreases in the series: BTS >TOS > BS = BDS >Cl-uC10;1. The reduction and re-oxidation of thin supported films is a slow process for TOS-and BS-containing films. In these cases, the rate of the process is de&mined by the diffuiion of the anions in the film from Q-t1/2 plots; diffusion coefficier& of 4.3 x10-"cm2s-1forTOSand4.8x10-11cm s * -I for BS can be calculated. For Cl-and Cl@, containing films, the process is faster and determined by the transition of the polymer from the oxidized to the reduced state (or vice versa). From the linear part of the Q-tl'* curves a diffusion coefficient of 3.1 x lo-' cm2 s-l for CI-and 3 x 1O-9 &s-l for ClO; can be estimated. Also for films containine BDS and BTS ions. the process seems to be determined by <he transition of the polymer, instead of by the diffusion of the ions.'The differences in behaviour between the various organic ions are explained in terms of a more or less polar character of the ions. Ellipsometric experiments, carried out in ClC& and toluenesulfonate solutions, support the observed differences in behaviour during reduction and re-oxidation of the polymer films.
INTRODUCTION
During the electrochemical polymerization of pyrrole to form the conducting polymer polypyrrole, a stoichiometric amount of anions from the supporting electrolyte. is incorporated in the polymer layer to neutralize the positive charge of the polypyrrole chains. Also, the nature of the anion has a large influence on the properties of the formed polymer[ 11.
An example is the incorporation of p-toluenesulfonate ions, as described in a previous paper [2] . In the literature, a number of reports on the influence of anions have been published[3-71, however, with some contradictory conclusions. Our own experience with the variation for the electrolyte [2] , gave rise to a further investigation of this anion effect, with special attention to the conductivity and the oxidation/reduction behaviour of the polypyrrole layer. In addition we have measured the optical properties of polypyrrole layers, during growth, by ellipsometry.
EXPERIMENTAL

General remarks
All polypyrrole layers were deposited with a constant current density, varying from 5 to 20 mAcme2, *Present address: Philips Components, Development Group Electrolytic Capacitors, P.O. Box 10076, 8000 GB Zwolle, The Netherlands. on a platinum electrode, from aqueous solutions of 0.2 M pyrrole and 0.2 M electrolyte. The investigated electrolytes were potassium chloride (KCl), sodium perchlorate (NaClO,), sodium benzenesulfonate (NaBS), sodium p-toluenesulfonate (NaTOS), sodium 1,3-benzenedisulfonate (NaBDS) and sodium 1,3,5benzenetrisulfonate (NaBTS) . Pyrrole was distilled before use, the electrolyte salts were used as received.
Free-standing films
Free-standing films of polypyrrole, for conductivity measurements and the determination of the composition, were formed on a Pt foil of 12 cm*, in a onecompartment cell with two nickel mesh cathodes, placed on either side of the anode. A saturated calomel electrode (see) was used as the reference electrode. A constant current was supplied by a dc source (Delta Electronica), with a resistance of ca 1 kR in the cathodic branch of the circuit. The charge, passed during deposition, was constant at 432 C. The soproduced films were peeled off the electrode.
Conductivity measurements
The conductivity of the polypyrrole films was measured with a four-probe method [8] . The probes of the measuring contact were placed in a row with a distance of 1 mm in between. The specific resistance, p, of the film was then calculated from the potential difference, AV, between the two inner probes, when a small current, I, flowed through the two outer contacts, and the thickness, d, of the film, according to:
AV27cd P=I
The thickness of the films was determined with a micrometer.
Thin layers
This layers of polypyrrole, for the oxidation/reduction measurements and the optical measurements, were formed on a Pt-foil anode of 2 cm'. The polymerization was carried out in the same cell as for the free-standing films.
Oxidation/reduction measurements
For the oxidation/reduction measurements, films were produced with a constant current density of 10 mAcm-*, for 0.5, 1 and 5 min. The charge, Q,, passed during deposition was 0.6, 1.2 and 6.0 C, respectively. After formation of the polypyrrole layer, the electrode with the polymer was amply rinsed with distilled water and transferred to another one-compartment cell. This cell was filled with the same electrolyte solution, as was used for the deposition of the polymer layer, however, without adding pyrrole. The redox behaviour of the polymer films was then investigated according to the following procedure. The working electrode with the deposited film was polarized at a potential of +0.3 V us see, for 5 min, using a potentiostat (Wenking 68FR05). The potential was then stepped to -0.25 V US see, a potential at which the polymer is reduced. The charge-time transient was measured using a voltage integrator (Wenking EVI 80) and recorded with a X-Y-recorder (Philips PM 8043) or a transient-recorder (Datalab DL 901) in combination with the mentioned X-Y-recorder. The last set-up was used to record fast transients (on a 1 s time scale). After 5 min, the potential of the elctrode was stepped back to +0.3 V us see, and the Q-t transient, due to the oxidation of the reduced polymer, was recorded. This procedure was repeated several times.
Ellipsometry
The optical properties of growing polypyrrole films were monitored continuously during the deposition of the film, using ellipsometry. In this case polypyrrole was deposited with a constant current density of 0.2 mAcm-* on a Pt disc anode of 0.5 cm* in an "optical" electrochemical cell with a Pt foil counter electrode and a see reference electrode. In order to determine the optical parameters for a reduced film, the following procedure was used. After the potentiostatic deposition of polypyrrole at + 0.5 V us see for a certain time, the potential of the electrode was stepped to -0.3 V us see, causing a reduction of the film. After some time the potential was stepped back to the oxidation potential, and the film started to grow again. This procedure was repeated. During these oxidation and reduction periods, the optical parameters A and I,+ were also continuously monitored.
An automatic ellipsometer (Rudolph Research RR 2000) was used for measuring A and J/. A personal computer was used for data acquisition and processing. The wavelength of the used light was 5461 A and the angle of incidence was 70".
RESULTS AND DISCUSSION
Composition
After the free-standing films, prepared as described in Section 2.2, were peeled off the electrode, they were amply rinsed with distilled water, and dried in a vacuum desiccator. The composition of the films, prepared with a current density of 10 mAcm-*, was determined by elemental analysis. The number of anions and water molecules per pyrrole unit were calculated from the percentages carbon, nitrogen and hydrogen, as determined by elemental analysis, using a mathematical procedure. Possible coinserted cations are not taken into account, as this leads in most cases to highly unlikely values of the anion content or the oxidation degree of the polymer. All films appeared to contain a considerable amount of water. The water content and the amount of anions per pyrrole unit are shown in Table 1 .
The anion content indicates an oxidation degree of the polymer of 0.33-0.35 (taking into account the higher charge of the di-and tri-sulfonate anions), in accordance with literature values [1, 3, 7] . Only the values for Cl-and ClOi-containing films are significantly higher. Also, in the case of toluenesulfonate, we have found in a previous experiment[2] considerably higher values. The water content shows a large spread, with no systematic dependence on the nature of the anion, or the degree of oxidation of the polymer. Probably a much more rigorously controlled environment for the deposition of the films and/or handling of the films after preparation are needed for coherent results[7].
Morphology
The morphologies of polypyrrole films, prepared in the various electrolytes, show some striking differences (see also [2] ). Scanning electron microscope pictures of the various polypyrrole layers are shown in Fig. 1 . The Cl-and ClO;-containing films show a very rough surface structure, "cauliflower" like, as described earlier in the literature. These films are hard and brittle: they can be easily broken.
The polypyrrole films, containing benzenesulfonate derivatives are much more flexible. In the range BS, BDS and BTS, an increasing smoothness of the surface of the polymer film is observed with increasing anionic charge. The rather large, in size comparable to a pyrrole ring, and flat benzenesulfonate anions can have a close interaction with the polypyrrole chain, much more so than anions like ClO-,. Thus they can serve as an "ordering" element for the polypyrrole chains and so cause the flexible properties of the films.
Conductivity
The electronic conductivity of the films, as measured by the four-probe method is shown in Fig. 2 as a function of the formation current density, ip, for the various electrolytes. As the Cl@,-contaimng films were very brittle, they could not withstand the pressure, applied by the measuring device. Therefore, for this anion we made the films twice as thick as for the other electrolytes (864 instead of 432 C charge, passed during deposition).
The films containing Cl-and ClO-, show the lowest conductivity of 2.5 Q-l cm-', in accordance with the values found by Warren and Anderson[7] . The conductivities for the "organic" anions are considerably higher, with the highest value (ca 50 Q-' cm-') for the films with incorporated BTS. In all cases a decrease in conductivity is found with increasing current density of deposition. This can be caused by an increase in surface roughness which leads to inaccurate values for the film thickness. As the anodic potential during deposition approaches the oxidation potential of water at high current densities, the decrease in conductivity can also be caused by the reaction of nucleophiles, like H,O and/or OH-, with the polymer 
Oxidation/reduction behaviour
The charge us time curves, for the first reduction and oxidation steps (to -0.25 and + 0.3 V us see, respectively) are, for each electrolyte used, shown in Fig. 3 . From this figure it can be seen that the films, containing Cl-and ClO-, can be discharged and charged on a very short time scale. The films containing BS and TOS show curves, indicating a much slower (dis)charging process. When the charge of the anions is increased (BDS and BTS), the (dis)charging rate of the films rises again. For the extreme cases Cl-, ClOi, BS, and TOS, measurements have also been carried out on a 1 s timescale, using the transient recorder. These results are shown in Fig. 4 . For Cl-( Fig. 4a and b ) the charge-time transient is initially linear with time and shows some deviation after 0.6-0.7 s.
If diffusion of the anions is the rate-determining step, the current is proportional to t-I/*, according to the Cottrell equation:
The charge is then proportional to t'/*[ll, 121:
2nFAC Dli2t1'* Q= .;,2 .
(3)
In Fig. 5 the charges are plotted us t"*. For films, containing BS and TOS a straight line is found. Therefore, we assume that for these anions the process is controlled by the diffusion of these ions in and out of is calculated. These low values (for ions in aqueous solution usually in the order of lo-' cm* s-') clearly indicate a hindered diffusion of these organic anions in the polypyrrole film. Figure 4 and 5 show that for Cl-and ClOicontaining films the reduction (or oxidation) process proceeds initially linear with t and changes to a t"* dependence at longer times.
A similar proportionality to t has been observed for the sorption of solvent and electrolyte into polymer films and is referred to as Case II diffusion[ 131. In these systems, the rate is controlled by the constant velocity of an advancing internal boundary resulting from a chemical reaction or a phase transition. This process can be mathematically described by:
in which C is the concentration of solvent or electrolyte and v is the constant velocity of the boundary. If in our case the (dis)charging rate for the Cl-and C10-,-containing films is controlled by the reduction (or oxidation) of the polymer instead of by the diffusion of the anions, this process can be described analogously to the above. The advancing boundary is in this case the boundary between the reduced and the oxidized part of the polymer (see Fig. 6 ) [14] .
When the "moving boundary" is only controlling the rate of the reduction (or oxidation), it follows that after a time dt (in which the boundary moves a distance dx=udt) the number of anions is decreased with (C -C,) Adx, in which C is the concentration of the anions in the film before the reduction and Ca the concentration after reduction. As the disappearance of one anion is associated which the consumption of one positive charge, it follows that: and:
Integration leads to:
Q=FAu(C-C,)t. (7)
As the boundary moves towards the substrate, the diffusion of the anions becomes more important because the distance to the bulk of the electrolyte solution becomes larger. Eventually, the diffusion of the anions becomes rate-determining and a straight line in the Q-t"' plot can be seen. As for BS and TOS an estimation of the diffusion coefficient can be calculated: for Cl-3(+ 1) x 10e9 cm*s-1 and for ClO; 3.1( kO.6) x 10m9 cm* s-l. The large errors are caused by the large standard deviation in the slope of the linear part. Genies[lYJ has found for similar experiments in acetonitrile solution for ClO-, a diffusion coefficient of ca 6.2 x lo-lo cm* s-'. The value which is calculated here is a factor 5 higher. This can be explained by the more compact structure of polypyrrole films, prepared in acetonitrile, compared to "aquous" polypyrrole layers. The slow diffusion process of especially p-toluenesulfonate ions has also been found by Li [16] N-H region) is quite strong and it continues even when the polymer is reduced. Hence, a low value for the diffusion coefficient is found. For higher charged benzenesulfonates like benzenedi-and trisulfonate the coulombic interaction of the sulfonate groups with the positively charged polymer backbone is dominating, and a much faster (dis)charging process is found. The (dis)charging behaviour is similar to that of the "small" ions Cl-and ClO-, (see Fig. 3 ). For the polymer layers with incorporated Cl-and ClOi, the discharging process is initially controlled by the transition of the polymer from the oxidized, conducting state to the neutral (or reduced), insulting state.
Ellipsometry
Ellipsometric experiments have only been carried out, using NaClO, and NaTOS as electrolytes, as the two most extreme cases.
The curves of A and 1(1 us time and of A us J/ for the growth of a polypyrrole film from a NaClO, solution are given in Fig. 7 . The experimental data can be fitted with the linear growth of a polypyrrole film with a constant refractive index of 1.47-0.391 (the drawn line in curve Fig. 7~ ). After 170 seconds of film growth this corresponds to a thickness of 76OA. Assuming a densit k of 1.51 gem-3 for this film [8] , a thickness of 1034 should be reached. This discrepancy is explained by an increased surface roughness of the substrate, causing a higher geometrical surface area. From the thickness values a roughness factor of 1.39 can be calculated.
The reduction experiments for C104 films are shown in Fig. 8 . At the reduction steps, the values of A and $ still change with time. Two possible complex refractive indexes can be calculated: 1.560.17i or 1.60-0.14i (fits are shown in Fig. 8~ ). The corresponding thicknesses are, at t = 52s: 139 8, (just before the reduction step 230 A) and at t= 158 s: 501 A (just before the reduction step 589 A).
These experiments show that ClOi-containing films grow linearly with time and have a constant index of refraction during growth. Upon reduction, the refractive index changes. The film becomes optically more dense (higher n-value), in agreement with a rapid decrease in film thickness. The k-value or absorption value decreases, indicating a lower conductivity. The changes occur at a very short timescale, which is in agreement with the discharging/charging experiments.
For the experiments with NaTOS as the electrolyte, the A-r, $-t and $-A curves are given in Fig. 9 . For the galvanostatic experiments the +-A curves could not be fitted to a linear growth of the layer with a constant refractive index. Therefore, at selected times of polymerization the values of n, k and the thickness of the film, d, are determined. The results are given in Table 2 for two cases: (1) the thickness of the film is equal to the theoretical value, assuming a density of 1.50 gem-* and corrected for the surface roughness Table 2 , with the assumption of linear growth, lead to a continuously changing refractive index. The assumption of a constant optical density leads to a non-linear increase in thickness of the film. As long as the thickness of the growing film cannot be determined independently, neither explanation can be preferred. However, in both cases it can be seen that the k-value of the refractive index increases with increasing polymerization time, indicating an increase in conductivity.
The results for the reduction experiments of TOS- films are shown in Fig. 10 . Especially, the $-A curves in Fig. 1Oc show that no significant change in the optical parameters are observed on the time-scale of the experiments. This is in agreement with the slow (dis)charging process for TOS-containing films, reported in Section 3.4.
CONCLUSIONS
The experiments presented in this chapter show that the nature of the anion, incorporated in the polypyrrole layer, has a large influence on the properties of the polymer. As far as the composition, ie the degree of oxidation of the film, is concerned, another set of data is added to the long list in the literature. Viewing these data, it must be concluded that the experimental conditions, during the polymerization, have a more pronounced influence on the composition than the nature of the anion has. The electronic conductivity of films, containing benzenetrisulfonate ions show the highest value, followed by the toluenesulfonate films. The low values for Cl-and CIO-, films, as has already been reported in the literature, are probably caused by a high surface roughness of these films, when prepared in water[l, 33.
The discharging/charging behaviour of thin films of polypyrrole turns out to be a very fast process for the Cl-and CIO-,-containing films. For these films, the rate is initially controlled by the transition of the polymer from one state to the other (oxidized+neutral or vice versa). Only after some time the process appears to be diffusion controlled and an indication for the diffusion coefficient can be calculated (D= 3(fl)~lO-~cm~s-~ for ClO-, and 3.1(*0.6)x 10m9 cm2 s-' for Cl-). When benzene-or toluenesulfonate anions are incorporated in the film, the (dis)charging process is much slower, and controlled by the diffusion of the anions. Values of D=4.8 x lo-" cm* s-l for benzenesulfonate and 4.3 x lo-l1 cm2 s-' for toluenesulfonate are calculated.
Increasing the charge of the incorporated anions in the sequence benzene(mono)sulfonate, benzenedisulfonate and benzenetrisulfonate, causes an increase in (dis)charging rate. The interaction of the incorporated ion with the polypyrrole chains decreases in this sequence caused by a less pronounced apolar, aro-matic character of the anions, going from mono-to trisulfonated benzene.
The occurrence of fast and slow reduction processes of the polymer film in the case of ClO-, and TOScontaining films is also found in the ellipsometric experiments. The results also show that the growth of a Cl@-,-film is linear with time and uniform, whereas the growth of a TOS film shows some still unknown features.
